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P S ) ^ ig a fc: *f L T 0 % , 4 0%, 6 0 % *3 i T>' 1 0 O % CO S D C D P S . t' 7 

Lfco ^(Om-^i^^^ (^dr-Al) (4, NMP (^^Xtt. *»^JtbT. hyWoiv^^ 
WL-Cl^fc) -t'fCT. ^J»bfc*(D^yU^i/-ft:Stt^l:^>7l'K (SDCDPS) . 4, 4 

, S D C D P S -J- h y ^7 A itJi^ffi X-tf . <^ ^ ''^ '■f: © ir jiS ^tjffl 

[ 0 0 6 5 ] 

[ 0 0 6 6 ] 

[ ^ 1 ] 





DCDPS 


(nunol) 
SDCDPS 


IVMP 


a7XM 
(%}« 


S/em • 


• Bps-00 


10 


0 


0.61 


0.4 


0 


BPSH-40 


6 


4 


2.3 


31 


0.11 


BPSH-60 


4 


6 


3.3 


78 


0.17 - 


BPS-lOO 


0 


10 







(a) : 2 5 "CT- 2 4 ; (b) : ^ S ; (c) Na f i o n {mmmU) 113 5 

*t M , 0 . 1 2 r- $> o ^c, 

[ 0 0 6 7 ] 

JibTV^2,t%;tbtb5o Cco,^, -ttos-^^*:!^}::, llfeipjlL^-afcfcD. 1. 2fi 
4-e(^S03 NaS (6 0rao 1 e% SDCDPS) ^mX-T^t. ^ ^ M X- ^J: 7 

itm^m^A Ltctzib iz , ^py^jUyn^'ftmi: 'O . 7jc «D « ^ ^5 ;S V ^ C i: b ^ o ( ^ 

1 ) . 1 0 0 % s D c D p s <o X A tt, Tk^ttT'fo o fco *3 i i>-^«^Sy ^ 

wfcftlc|&g?^?KSr^£ffl LT. h y i^^l^^lg (BPS) Sr, ^ n e> <0 *f jcS i- 5 ?^ 
( B P s H) tr^n Ufco 
[ 0 0 6 8 ] 
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C (Dm^ . 1030cm~'^oi:Utl098cm~' (D ?M t) ^ ^ ^ ^J: - ^ SO 

[ 0 0 6 9 ] 

^^^^^mm^h.. -<DZtn. (_ s O 3 H) t^mt<DRjt^7r:LX\.^tc. ^(DM^ 

^m^^^X (D^,U,t.:^i[:^ y-^-t^^^V) ]2^^^fztiR^i.X . BPSH-40*5J:U^BP 
SH^ 6 0 mcomt^^ :tiy^mm (ieo ^tl^h.. l. 7meq/gjsj:t>'2 

[ 0 0 7 0 ] 

(^2. 25<C^^> ^ I E c iifei^tc: J: .i^ $n 5 J: 5 /j: 4 o ^yuo/^* 

[ 0 0 7 1 ] 
[^ 2 ] 



"c 

lOO^C 
220*C 



BPSH-^0 
r^\dUB) EECCmeq/g) 



23 
2.3 

2.4 

2.1 
2.2 



BPSH-60 
rV^-^COL/B) TEC (meq/ 



1.5 
1.6 
1.6 
L6 
L.6 
1.5 



3,3 
3.1 
3.2 
3.2 
3.5 
PS*** 



2.2 
23 
2.3 
2.1 
2.2 



a 
fz. 
I 

b 
[ 



2 
[ 

0 



) : r O B P S H 

or. ^s- le -e , 

0 0 7 2 ] 

) : m^-^&ii^ N 
-ft; CO US «) 

0 0 7 3 ] 

S O 3 Hm<D^^i± 

J; t>* @ * *S a fit ( « 

2 0'C*T-^^T-fc 
0 0 7 4 ] 

^ tK f P L ;t ^ ^ 
. llS/cmjoj; 
I- 3it L T > N a f i 
H . Ir) C ^ # T T 
JttSLT6 0%BP 



7i 4 (9 ^ ^ L T -5 „ 



3 0 ^mizi:> 



SJ;!9ib*b<«,VN^^<4=Jr,T%b^-„ ^^lEC 
2) LTV^5 J; 5 tC, 0. 5 ^ ^ *p o T , ^ ^ -e . 

{^■fSg bTV^S (^T', ^^*«tt^^o^^TS^f 7^c^^fi:eT- 

-t T-^^jt Liiv>ro-e, itt ;^ yu * -fk ssf b T . itJ^jtT'fos. 



^14, 4 0 / 6 0 *3 J; U« 6 0 / 4 0 *1i-&f$:|r^ LT , -etL-eti.. 
t>*0. 17S/cm(0||)fi(2 5t:) 7'nhv^ll^$:WL-CV>k 
on (^mm^) 1135 (lEC 0. 91meq/g) (Omi 
. 0. ^2S/cmT-fcofc<, Nafion 1135 
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Tkco^ (5 iA^^^ro^^T'fc 5o m:ff(Om^\t. Naf i on ( ^ » iS ® ) H ^ $ H 7" a 

h :^mmm iz^w ^ ¥ :^ ^ z t ^miz m b \z t£ ^ tc ^ e o % p s h<:o7K5j ^) n 

fiSNa f i on (S^^^) «W3 7mi%0 7XSi<3iZ.^^i:*ffi8 6<)(;i. 7 0m*%T'i)-o 
[ 0 0 7 5 ] 

# y i^j fi-^#^# Sr^ffl bT, 1 «6 •? is L^ffifefc 1 . 2 te* -e<^^ h 

m {6 0 ^ ^^W-rS^U (Ty-Ui^^-7^/u;;^/i.:^>.) S:li®-r^r.tt::^5tr 

O'^^f Ti^^ti ^4x*^>x., « ^ <7) >^ n ir ^ {c J: 9 Sl{ it L 7t r <73 iisfii ^i^fl; 

?tfe ffl <^ «lf L V^ :r n h 3? j^)g|(C T- 5 »i -r T? S) 5 o 
[ 0 0 7 6 ] ' ' 

( .^^ yU' 7^; -fb jK y 5 K ) 
;^yu*>'{(;7Ky^5K$r, DADPDS*3j;l>-BPDAiS:&fflLT, 0, lO, 25, 4 
0 . 6 0, 7 5 *3 J: r/ 1 0 0 ^ % it L o ^fc l> T- , rtl b <7) ^ y ^ 5 K 

^{CJ^AfeLfc, -l':^>'5»«*tJj;U'7lc<7?Si!?i2>i^^(73a!|^fit^#, ^3X-^'S--f-.5 1 
0 %~4 0 t» , 7jc(^® 9 6 . 2-2 8. 5fi»%<^ 

[ 0 0 7 7 ] 

(^3. BPDA/s - DADPS(^'l';e-^^^ffl;^S3J:tJ?7KroSlt)ii;z^) 

[ 0 0 7 8 ] 
3 ] 





a-DADPS 


lEC 
(meq/g) 


(%w/w) 


(H2O t/i 
/SO3) 


xlO*(S/ctn) 


BPBA/b-DaDK- 
00 


-0- 


-0- 


c 


C 




BPDA/s-DADJPS- 
10 


10 


0341 


6^ 


12.12 


0.4 


BPnA/s-DjU>PS- 
25 


25 


0.784 


15^ 


13.52 


0.7 


BPIDA/s-DADPS- 
40 


40 


1.161 


285 


16.35 


1.5 


BPDA/fr-DADPS- 
60 


60 


1.583 


37.7 


15.87 




BPDA/a-DADPS- 
75 


75 


1.852 


555 


16.59 




BPDA/s-DADPS- 
100 


100 


2230 


W.S 


W.S 


W.S 



(*4. BPDA/s-DADPS<7)||J:^^14) 

[ 0 0 7 9 1 

1^4] 
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/T\ -S- 45 >«. b 


V 
CQ 


BPD.Vs-DADPS-00 


0 


Q/10 


0.83 


54L 


201 


BPDA/s-DADPS-10 


10 


I/IO 




319 


212 


BPDA/s-DADPS-25 


25 


2.5/7.5 


1.7S 


310 


226 


BPDA/8-DADPS-40 


40 


4/6 


231 


298 


242 


BPDA/$-DADPS-60 


50 


6/4 


3,17 


287 


n/o 


BPDA/s.DADPS-75 


60 


7.5/2.5 


3.82 


272 


b/o 


BPDAys-DADPS-100 


100 


10/0 


4.35 


260 


n/o 



0. 10, 25, 40, 60, 75fcj;Utioo^yWo/„x-, BPDAfciUCD 
AD P P o e>Sgit Ufc i-^t^ y ^ 5 KA^e, t?^^ L/C. ^ 5 T ^ X o \z l 

0 %~4 0 %Sr$*-r51^»i, ^mi4T'*, t) , *<??Sl 9 4 . 2 - 2 0 7 a»%o 

«5HT'feofc„ ^ 6 T' .-J. i- i 5 , ^tLe.O)»*ss^ct3-c- 5 %«fifia^Sr.T^ UfcjaS»i 
, 257-541 °CO$5iaT-foo/c„ 

(^5. B PDA/s - DADPPO(0^'^^^«^*3j;t>'7Xo5jt,^;z^) 

10 0 8 0 ] 

[ ^ 5 ] 





S'DADPPO 


mc 

(meq/g) 


7K(7) 




xlO-'CS/cm) 


BPDA/s-DABPPO- 
00 


-0- 


-0- 


c 


c 


c 


BPDA/5-DADPPO- 
10 


10 


- .0,17 


4,2 


10.2 


0-27 


BPDA/s-DADPPO- 
25 


25 


0.43 


10.3 


12.45 


0.45 


BPDA/s-DADPPO- 
40 


40 


0.69 


20.7 


13.36 


0.92 


flPDA/s-DADPPO- 
50 


60 


1.03 


31.2 


12.87 




Bia>A/s-DADPPO- 
75 


75 


1.29 


43.6 


13.65 




BPDA/s-DADPPQ. 
100 


lOQ 


1.72 


W,S 


W.S 


W.S 



(^6. B PDA/s— DADPPO(7:)||ft^gt4) 
[ 0 0 8 1 ] 
6 J 







m/n. 


dL/g) 


CO 




BPDA/fi-DADPPO-OO 


0 


0/10 


0.83 


541 


201 


fiPDAVs-D ADPPO 1 0 


10 


1/10 


0.97 


317 


208 


BPDAys.DADPPO-25 


25 


2.5/7.5 


1.45 


320 


222 


BPDA/a-DADPPO-40 


40 


4/6 


2.00 


L 296 


224 


BPDA/s-DADPPO.60 


60 


6/4 


2.54 


r 283 


238 


BPDA/fe-DADPPO.75 


75 


7.5/2.5 


3.22 . 


270 


13/0 


B[PDA/5-DADPPO-l 00 


75 


10/0 


3.72 


257 


ti/o 



(^iSM 3 ) 
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3, 3' - ;^ /U:^ :y 4 , 4* -v?i'nni;=7;L:=>'U;?;/Ud>>' (SDCDS) t: 4 
4' -e;'i!'npv>7a.=yl.;^yu*i^ (DCDPS, BP Amoco) tMMJ5E®?t^^ 

Mbfc, :L(D^ / -^-(O^t^mmit. ' HfcJ;t>-> 3 C NMR. ^ t>- « ft 5> ^ff ffi 
sS^;^-!^^ h^U*3 itJ^TC^^Wtr i (J $i^Lfc„ 0 . 2 0. 4 0 J;t>- 6 O ^yuo/„^ S D 
CDPST'. 4, 4' -t':7^y-/u (Eastmah Chemica 1) . DCDP 

S XV^S D CD P S ^mmm^Ti, Z tlz X ^ . if7 :^ y -,u^-:^co^^Uyi,:yit (T 

m^'' X SSL ^ ^ >- 7K X 2 4 m m V . 'erl--C80'C-e24^F^$£J!j[|-r-5r<klJ:J;f) M 
( 0 0 8 2 ] 

^-^Unm^. z (ommm:^ ji-yt^ i^it^ V (ry-u:/ai-7-/u;:^yp^v) (BPSH) 

*iJ;U^y (HPA, F 1 u k a C h e m i c a l s ) % -ft ^ L T ^ 

^aS:^ffiJrj;9PS!{LfCo :i<^BPSfi^^i:*5j;OtHPAiB)*?rv^^^yUT-irhr5 K 
(DMAc) (10SS%) ti^inL,^ro^^Sr, SO-C-C. 12^r.g»i^Lfc, BP 

(S . ^ 7)5 o V> Sr W L . § 1 5 0 m . J& $ 03 |£ -fk ;)S 

[ 0 0 8 3 ] 

(?l^li^) 

-yy^l^irmm^mmWm^^ (TM-AFM) Digital Instrume 

nts Dimension 3 0 0 0 §r ft o T . *t 4 O N / m ;^ ^ |gc ^ ^ -f- 5 Igc /> 
ffi3J:;<;>'^Uy^- (micro-fabricated canti'levers) ^ffi 
ffl L-C^tT bfco f^ilSKi, 3 5 %«ti*faST'«^ bfc, #«Sr*/hir-t-^ t^^\^ 
Altf-Amffi (7kV) «#&UljfeS«^Sl?S<S6^aE (FE-SEM, Leo' 1 

5 5 0 G e m i n i ) * tr b fc « ^Pt . tfi T' # L . t& 05 » e T* 

I 0 0 8 4 1 

o r Wl^O^J^aS-^ icO«^<$#^*jj:OtHP A(riS^Lfc^/U7}.i/Segi5^v<;5E 

^t-f-SJ;5tC/£5, BPSH (0) . BPSH (20) . BPSH (40) . BPSH ( 

50) *jJ:t>-BPSH (60) m<D^~^m^W(DWm^m\-i.. T m- a F M i t) 

b, ^bT^/^-^*ti|SfiJt(gLf-, 
I 0 0 8 5 J 

^ h.X\.- ^ ^ t t^m h t T^tK b b /j: 7)J . - *|3 , # V^ * ij| ^5 « ^ T' # » 

;^*-g-^co F E - s E Mi±, v^■ri^(7Ji^^a i> ^ $ ^^. 

[ 0 0 8 6 ] 

( 7k <o D ii ) 

^«!|SH«Sr> 2 4 ^Mtci^fco T, il^i^ :^ VTkfi^ltfc, ^ O ® « B| 

1S>CV>T'. ya5,h^iiLT. ^ffi/h)fS^|^*L. *^<#»bfc, C^X?,<Dffi)H)K^ \ 

o~ioot:-e. x?sfei^b. -ebTff«#»bfco ^ ti <^^«*o^ 52, 
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%i^m^^m.\.X . K«X $ixfc*«fi»i|AD(c: J; !? tf^ tK ® KX « fix-; - -fe :^ h > k 

[ 0 0 8 7 ] 

§l5g«9#ttJ±. 5 mm/^^W ^ n KiSftSr^ffi bX . Instron (^7-yU42 

04)T-iBy^L:fe, ASTM 638-94 (Type V ) \Z ^ X . B m 1 ^ 0 „ ra 

(ommmmy ^ jvj.t:m^\.f^. ^fih<D^^)^:^^ sox^xm^x.. ?i#5ggv>T 

r- . 3 5 % O ti *f S ft T »C T . K L , 
[ 0 0 8 8 ] 

a7KS7^yi.Ai?7V:r^fi|^feTA .1 n s t r ume n t s DMA 2980iT' 

. mmmU^m (DMA) ?rl^^Tbfc„ C wa7X^7 ^ yUA >^ 7 ix^fc j; ») , J$7XS|^T- 
55±tc:7K|PbfcP:fifSr^oT. i&6<j^^^ff^s^tgi/i^„ ^ ffl S ?r ^ -f- fc >b /Iffl 

SSr«S«ELoo, ^wg»-fe7Urt(z, ^ ia © * ^ f ^ 5. h T-^ L , -e ic *t i^; b 3^ ft 
^<o{STSrfS^b, Sffc'5:7k¥^^w#tt^fc«-t--5^-e. i O fly ilM b 
[ 0 0 8 9 ] 

[ 0 0 9 0 J 

^'-&m^^UPrX\-t. mmm\±. ^tt bfc^5^;55#»r O. l m*?iiST-#fi b-C^^5^i-g■ 
fr<o;^^.■5TtgT-fcS, 
[ 0 0 9 1 ] 

rwjg|*^e>il^,7?7X^ttHPA^'^SrttttSi-5r i: fcSfc. M "C 5 , JK7ic(;abfc^ 
<^Nafion im^m^m) *3j:t>-BPS-^byi/^ ^ <^ A F M H m ^ ^ K Sr if o fc H 
PASrttmbfcNa f i on (^^S«) 7t*5^;tfc(D(r^bT -°cOH 

P A/B P S:hy^^*^!(SFT-|4. J: 7 /^#®^4m^^/^7i^ofc, Na f i o n\^fi^^ 

«) -<-X(^«^t^!|st(l, ^@BjT-fo!3. H P A^^^(^atBli, fiftJfflStr J: tjstsu^c 
. B P S-<-^<D^-g-#i|SHi, @BJ-efctJ. 3 0 t^T-WH P A<^ttffil4. 1 ~ 2 % g * T' 

1 0 0 9 2 ] 

(^mttlr^f-t-S^^^l-^V-ftdBj;!/?^!:^^!?)?^^^^})^) 

Tt^^^^i-^^ ^^i^7j<?D bfciR^}c*3Jt s ^iax-w^m^ii 10 

H z ~ 1 MH z ©jgfemiSHJrfcfcoT. S o 1 a t r o n 1 2 6 0 Impedan 
ce/Ga in-Pha se Ana lyzer^rftfflbT. MSbfe, ^(^/^©IgfetTiS 
v'^^i.©^£;ig:§r5g^{r^iai-S J; p (c:. co -1r ct? fl? ffi ?r b „ r <^ :7 ^ a <^ ^g 

*iJ:t/?i^ffiA^^rf»T-# 5, gl^2 (a) *i J: Ot 2 (b) T-S^fiptr. -e O 71. * v ^ 
fi7)Sti;t5(coixT. ^<^'<-^fi^#:<0 7jcKfR/-?--fe>'hfc^J;Ut^a^(0P)*;Jsai</j: 

S o 

[ 0 0 9 3 ] 

V^o b 75^ b x55 , r(7)^«^|4. i W^<^7kKit5l t $ -tir/i Itntf b tR ffi 

[ 0 0 9 4 ] 

fc7K®J|x±3ii;«±#bfc««^<^i^:^^^%bfc« iw:^y:ffi-g-$t!|sfctJc^HPA05m4Sij-^ 
^Sr»*5t. ^ «^ * It !? ;0S 5^ ^ 6*, {C'> T'i < /j; .5 o =g ^ W !isH» W tK 03 © 5i j° 
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SSti-SHPA(^^mii, El 3 T-;^-t-. 
[ 0 0 9 5 ] 

7Xo®t)ii;'^co?^/>ii. ^ > ^ t H p A t <o m <D n K i¥ m imm i> i o ^(D-r 
u m <n 7h <D ^ y) <D m & ^ m \z L X , ^<o^Kf^mii. m.mmmmmmmicjs\,^x . 

[ 0 0 9 6 1 

i b < . r(OHPA/BPSlt'&t^it£f(OfttSM'tC!|#tttt. iX <b Ti'^mW^i m-^W: a ^ h 

FTIRSrttfflLfco I§l4r-Ii, 3500~2500cm" ' co^Ii<?^j[2:v^^^— - © 
-r y ^■^Un'PKx . 1 8 OX:X'h . 7X^5^^^$n■r^^-5r^:Sr^UT^^5<?5^^:S^'b-C. 

[ 0 0 9 7 ] 

r (7)H P A i: i^g^g|55> t <^)ffi<^+B2^ffi li* yt. ;t ^ 7j< IS < T t , 

-g-*t^(Dig«^(^±#^lftpji-^cD{;^§:35:*,#?,, - OHPAtt. -tro^/p^^-hsic 

* 515(73 :^ n h >'C0Sf14S * (±^BI^ iS «6 .5 ^::^S:Ar:o„ ElSll. ^(DHPA/BPSi- 

y m-^un^ h v^izmm'ti: b p s us xx^n a t i on (^mmm) mcommm^ ^-r. 

[ 0 0 9 8 1 

S: ?a « <75 gg iS: t bXS^i-. 
[ 0 0 9 9 1 
(a«fi<)#tt) 

Na f i on (mmmm) (Dmm&o^^in. ^uPEMti.x<D^co^/£x^.(Di-:>X'h 

■So Na f i on (^miSim) <o{&\,^ :ff 9 :^m^m.&is iXfWii.mti^ ^ <o a tK K itK 

i-. m7(DUmrn. y >^ >'i9'^7^i^S?^^iPb-CV^/j:V^B P S H- 4 0 , 3 

0 y ^ V 7^ ^ j^:&p b 5t B p s H - 4 o (fta2) , 60MS%yvi'>' 

2/^-7->^^^iD UfcB P S H- 4 0 (ffi^3) . ^ iS' V ^ x ®? ^ ^ AD b B P S 
H-40 (ft^S4) *Jj;t>-Na f i on (^^K^) (*i|»5) iUTJt^^tlS, 
[ O 1 0 o 1 

Na f i on (^mmm) (4, ;5is*#T-n. =''-i^m^n(Di:o\zmm-ri>(D\zMi.x 
m(D^jun-^>^^t?^ii. mikmm^mmmm tmt^<w^^^-f- ^ . h p a ^^ti>^ ^-Jk 

» (ft«g2~4) li, HPA5:^*^iV^^/^J)^^-^|^^ Sr-hIHI.^)i«v^5S*^^^L 

o 

[ 0 1 0 1 1 

Wmvit. I2l8*»b:5^d--5±5lw, r4xe>(DMi|s|.(^5itS^li^ ^it6.(73^Sr?^7K('®bfc 

t % . ® T -r -5 o 

[01021 

^i±mmx'<Dun<o^^±m^ ttm-r ^ t . 2 ^jcco b p s -<-^ wi^ft, Na f i on 
A'^^^nmi^xv(m.mmm:cr)m:ffX'-iSi\^^wi^m^^-r^ t ^ xw-r ^ o ^?b-c?# 

Sipiw, 3 0 M:&%H P A ^Ir^ iA ^T'^^ 5 y ^IS-a-^ififMil, ^^S^ J; ^ 
lioP)*-C, *^E«JS J; 19 t iSv^#tt^?r;fri-5, B P S H - ^ ijsf ( iSafi # /jr M -a- 
^ ^XJ^i- / ^-^Un) <0#tt^|i, ^tl^^i,, 4. 5 ^SF *J J; tJf 3 . omi&TVit<DtzMV 
X . Na f i on (S^ffi^) co#t4^tt, i. 4fSL;5Mg:TU^iV>„ rwrtii, rix 
bOBPSH-<-^(Dtt-iisf;0S, ^4xbcO;*f7;^fe^iaiS(c:^pfco-C, ^.0;?f^;^^i^S75. 
h=rAAiWm^ti&Ti-i(D\^MVX. Naf ion (^^^;^) (4, nmVtt&X. 
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<4^H.Nafion(S«tg5«l)J;?»'biB;v^**T-fc.5o 
I 0 1 0 3 J 

.^.sttj^i-o ^itf^o^wL-^umi. h ^^mm.mt:m<&\z-r ^ ^ t fj: < . 7X <^ d iz. ^45 
is^A-'otz. z(D^t]i. Mm^^izit. iiM<Dmm^mm7!)iz<Dm<Dm-mmt:mfit.(DT. 

A t <D m n m M <D m m iz X ^ . mm7Kmi±<DH p A^i. 7ktta«T-i4, rw:^-^^-!!^ 

tft tu # V^, 

[0104] 

<^^^ii)l&fi;5S 1 2 O-C i •? i«< /i5 (cotvT. ^ O :r n h v 35 *D S J4 , mm t ^ 

I 0 1 0 5 I 

(mmm 4 ) 

(;^7P*;^.(t:7Ky;^yl'*>^<73^)|?^:W^) 

DCDPS (60%) *JJ:Z>-SDCDPS (40%) ^4. 4.' -t'^oiy-zUt^g-^-T 

Swirlcit), >^y^*:i^^^:^Ky;:^>'^^^:^^ (BPSH-40) ^?^j*Lfc, ricDBPSH- 
4 0fi-g-^;5^e>l^^ff^^b. rn^Sr. 12 0t;{^$iJ{»Lfc?Sft*3j;t>*10 0%S^-e.JE 
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lON-CONDUCTING SUI^NATED POLYMERIC MATBBIALS 

Field of tttelnvenflon 
The pxesem inventioa is directed to ioa-OQnductizig sulfonated po]jmeric 
mstaials fbtmed from the direct polymerizaticm of a suUbiuted monomer with at 
5 least one other moncnner to form a aulibnated polymer. Tbcse sulfonated polymers 
htve particular application in proton coccIiai\ge niemhrancs jfiar fuel cells and for ion 
cxclumge monbranes. In addiliun, fhis invention has appHcatiun in the synlbesis o£ 
sul&oated polyiulfones and sulibnated polyimidss in proton exchange membzanes. 
Baekgrouttd of the Invmrtpp 
10 Polymer electrolyte fUcl cells (PEFCs) have great potential as an 

enviroiunenuny friendly energy source. Fuel cells have been nsed in the space 
program supce (he I960*s» hut zecenlly vaih die oo ''green" ze^ 
have come to tije forefront of cocmnercialization. Specificalfy, fiiel cells axe being 
explored 63r use in automohiles, electronice, and stationary power applicatians. 
15 Perhaps the most critical component of the fiiel ceM is tha pmtnn eyrJiflTi go 

membrane (PEM). Forthe lastBO yeai:^ flie industry standazd for tfacFEM 
w i mponmt of (be fuel cell has been Nafiou* (polyperfhjoio suUbnic acid) by DuPonL 
Nafion* membranes display sufQdent proton conductivity (-0.1 S/cm), good 
dbemical resistance, and mechanical strength. Some of themembrBne's 
20 disadvanta^ include high cost, reduced conductivify at high temperatures (>80°C), 
and high methanol permeability in direct methanol fiiel cells 

i 

Increasing tiie {^eraticn tempecalura of fhel cells is in^ortant for several 
leaswis. Fixstty, higher operaiiog temperatures in the fuel cell decreases the carbon • • 
monoxide poisomng of tibe electrocatalyst Carbon monoxide m concentratioitis of a 
25 few parts per million can adversely affect pcrfoimancc at tcnqjaatures around SO'C 

1 
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Socondly, hii^oa tcmperatuxa inocasc rcaetioii Idnelica of hydrogoi nidation oo Qic 
anodo ami oxygen, reduction oa the cathixlr. Howevo; as (bo taz^outtue is 
incveasedt it becomes more difilcult to Icsep the mmbraoe hydrated. Behydzated 
memlaaneo lose ionic conductivity and result in poor contact between fuel cell 
5 oomponeote due to shrinkago of (he mcmbmiift, The cbaQeage is to produce 
membranes not limited by the tajjperaturc range of liquid water. 

Because of thexeuewed interest in fuel cells and the chaUenge of hij^ 
tsa^aratnre operation, now membrane materials have been explored as potential 
replacements for Kafioa*. PreviouBwoikhasfiMusedoQ sulfonated polysQxcne^ 
10 rtyrenc-butfidiene block oopol^era, or poly(arylene etfaer)s sucb as PEEEC 

Typically, dicso polymers woe all made by apost-BiUfonatioii polymer modification 
xcaction vdiere the sulfonic acid groups are attached to Ota sHrady fomied polymer 
bac]d>oae. 

Sulfonated poly (arylene e&er 6alfoae)6 made fiom post-polymerization 
15 raUbnadon reactions iiave been ofiaterestEince the pioneering woc^ 
Robeson, who were able to develop a ttttM rolfooation procedure fiar tiie 
commercially available bisphenol-A based poly(cdier sulfime). Tliis approach found 
considexable interest in the area of desalinization membranes for i^erse osmosis and 
related water purification areas, la the poce>polymecizatIoa sulfimation reaction, ibe 
20 sulfonic acid groi^ is restricted to certain locations on the polymer chain. Jn this 

example of the btsphcnol A based systems illustrated as Structnro 1, the sulfamc acid 
groiq> is almost ahvays restricted to the activated positian octiw to the aromatic ether 
' bond. Arlri i ti onal l y Sit Has system, only one snlfonio acid groap per repeat vmaL is ' ' 
typically adiieved. 

25 
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SntnTnarv or flia Inven tinw 
The preseni invcniion proviclsB sulfonated capolymm, membranes and 
5 material thai exhibit improved thennal stability 
conduotiTity is Qui cell spplicatiaiu. 

The present inreotion is diicctBd towBida polymerizing a sulfonated activatod 
aiDmaHc tiionoaicr aiid an nnsulfixnated activated aromatic mnwnn^ with a suitable 
comomnno: uuch as ii bisphcnol to piuducc a sulifanalcd aromatic copolymer. 

Ottc embodimait of the invention includes a sulfonated copolymer having the 
following dhemical stnietuze: 

whao nrti+m ranges from about aOOl to about 1. V may be selected from the groiq> 
consisting of -S-, S(OK -S(0)2-. -C(0)-. -P(0)(C6Hy> or combittatioDs thereof. Z 
15 ™»y be selected Jh)m the fiixiupccuisisting: of a diTKicai^^ 

CCCH^h', -C(CFa),.. -CCCFaXCeHiK -C(OK -S(0)2-, and -P{OXC6H5)-. la a 
. prefetxed eiiibodiment» n^r^m FangM.ftqm about 04 to abont.O^ 
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StractuTD 1 . Btsphenol A Biised System where x is -C(ahh-' 
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Tbst mventton also inslades aprotoa exchange manbrane that iitdiidea a 
su]f(mated copotymcr having (he choxucal stx^ 

HO,S 

where n/n-tm ranges from about 0.001 to about 1 . Y may be selected from the group 
5 consistia« or-S-» S(0>-. -S(0)r. -CCO>. -PCO)(QsH3). or combmations ^ereo£ Z 
may ho selected fiom tiie group consuting of a direct caibon-caxhon ain^e bond, - 
CCCHj)!-, -CCCFaV, ■C(CFj)(CfiHi)-. -C(0)-. -S(Qh', or -P(0)(C«H5)-. hi one 
embodiment, this proton exchange membrajoc includes an inorganic heteropoly acid. 
The inorganic heteropoly acid may be selected from, the group coasistingof 
10 phosphotmig&tio acid, phosjihomQlybdio add, and' zixcommnl^^ In 
a prefarcd embodiment, the inorganic heteropoly acid is phosphofmigstic add in an 
anutunt ranging from about 1 0% to about 60% by weighL 

Another e m bo dn nea t of the present invcntian m*ihn!Bs a sulfonated copolymer 
having Ifae following chemical stnictore: 

' where jahic*m ranges fiom about 0.001 to about 1 . hi one preferred embodiment, 
sAtHn ranges from about 0.3 to about 0.6. 

invention olao includes a sulfonated polyMlibnc comprising at least one 
sulfonate moiety on a deactivated aromatic ring adj accnt to a sulfonc fimrfintiat group 
20 of apolysulibne. 




4 
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Hie inveniion also includes a proton excluuage manbnne camptidng a 
sulfonated copolymer having flie following chemical structure: 




where uAirhn ranges from about 0.001 to about 1. la one prefeatred embodiment. 
5 n/'n+m ranges from about 0.3 to about 0.6. lliia proton exchange membnne may 
include an inorgaiiic hctcropoly add. The inoiganic hctcropoly acid may be selected 
&am (he group consisting of phosphotunt^cacid, phob-plLomoIybdiu acid, and 
ziscomiim hydrogen phosphate. In one prE&nred axxbodimBat^ the inorganic 
beteropoly acid is phosphotung^c acid in an amount ran^og from about 10% lo 
10 about 60% by weight 

Farther, the invention includes a sulfonaied polyimide having the following 
chemical stnicture: 




'«4iere ota-fm ranges from about 0.001 to about 1 . 



5 



(31) 



JP 2004-509224 A 2004.3.25 



The invoation also iDchides a proton acdtnanga raembiBQe catnpriang a 
sulfonated polyimide mrm h rann ictimed from a sulfiuuted poaymer having Oib 
cbemical structure: 

5 wbere nAi-ha ranges fiom aboat 0,001 to about 1. This piotra exchange membnuie 
may also include an iaorgamc heieropoly acid. The inorganic heicropoly acid may be 
selected from the groi^ consisting of phosphotungstic acid, phosphomolyfadio acid, . 
.and ziiconLum hydrogen phosphate. In one prcfcacd cmbodimcnf, the inorganic 
heieropoly acid is phosphotungstic acid in an amount ranging fiom about 10% to 
. 10 about 60^-i by weight. 

The invention Hso includes a method for rnaJdng a sulfonated polymer 
conqiriraig ^ step of reacting a monomer having at least one sulfonate gnnip and 
having at Icaat two leaving groups and a oomonomsr having at least two leaving 
groups to fonn a sulfcnatcdpolymcr, whereby the leaving groups are removed by 
15 condensation offhe monomer and comonomer. In one ambodimait, the monomer is 
a^'-disulfoiMledVMidilotodqjheaylsuIfone. to another embodimart. the 
monomer includes S^'-disulfonated 4,4'-dichlorodiphenyl CTUfone and 4,4'- 
dichlorodtphcnyl sulfonc in a molar ratio ranging from about O.OOl to 0,999. The 
comonomexinay be selected from (he group consisting of 4»4'-bqihcaiol, 
20 ■ hydroquinonc. 6F-brspbcnDl, and phenyl phosphinc oxide bisphoooL In one preferred 
embodiment, the comonomer ia 4^4' biphea>l. Tlic suIfiauUo groins may be in (hesaU 
foxm or in die fomi of sulfixnic acid sp}ups. 
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Still £kirtfaer,tho invention includes a method for making aralfonatcd 
polysulfaaie comprisme ^ *^ of condensing a snlfbne monomar having at least one 
ouUiDnBte poup ftttiiched to an uoioatie ring adjacent to 8 6u^^ 
the Eul&no monomer and a conmnomcr to faun a sulfonated polymer. The monomer 
5 mayinchide3^*<KtisiilfonatedM''^chlan}diphenylsulfbneBnd4^^ 
sulfons in a molai ratio lansoig from about O.OOl to 0.099. 

Another embodimexit of the invoitian includes a method for making a 
sulfixniited pol^imide eompiisinf the step of polymttizing an atomaiic rfiamw^e having 
at least one ndfonate moiety attached to an azomatic ring of fho aromatic <tiywifnq . 
10 'wi&a4ianhydttdstofoimasulfonaledpoI)amidfi. The aromatic diamine may be 
sdecled fiom the ffxnjp consisting of 2,5<^ea>lcaedtamin6 nilfooic acid, 2,5- 
phenylcnBdianrifae suUbnato^ 4,4*-dianuao4»phenyl-2^*HluuIfoaic add, and 4,4'. 
diamino-biphenyl-2^'-<iisulibnste. The dianhydrida may be selected ftom the group 
consisting of a hcocalluarodiaahydridc, and 3,3*A4'*bipfaenyl tetracoiboxylic 
IS dianln^rdride. The step of polymerisang an aromatic rfinnntw. TOfy also include a 

second d iam i nix Li a preferred embodimenl, the ixtio of said aromatic diamine to aaid 
second diamine may range from about 0.001 to about 0.999. Tba suICbnsle gtot^ 
may be in the salt fomi or in the fomx of sulfonic acid. 

Brief Pcscriptlcn off fte Drawings 
20 Figure I is an ilhistration of a conductivity cell with a membrane; 

Figure 2 includes plots showing the eiZect of sutfonation on conductivity (a) 
and water uptake (b); 

Figure 3 ia a plot tfbowiog the water uptake of oandoomposLteTEMs as'a ' 
function of sulfooatian level and HP A content; 
25 Figure 4 arc FTIR apectro of memhranes when fixUy hydratcd and at 180»C; 



^ 
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Figure 5 u a plot of condnctinty of nanooomposite and poljiucr membnmes; 
Figure 6 is a plot of protonic conductivity in saturated water wpar. 
Figure 7 is a plot of stress stiaia behavior of FEMs; and 
Figure 8 is a plot of ^ stiotage modulus of PEMs infte dry and wet state. 
S DetaUcd PcscriDtjon of thelnvenapn 

lon-condacting sulfiwatcd polymeric materials are fomied by tbo direct 
polymedzBlion of sulfonaled monomeTs. Those sulScmued polyntets may bo used to 
foim membranes tliat have applications in fiid ceU and Urn exchange technology. In 
particular, the mcmtRrancs may be used in hydrogen, direct n^thanol, refbmiate, and 
10 other direct oxidation fuel colls. By using sulftsated monomers in fhepolymerizatimi 
process* (ho coaccatntirai of sulfonated monomers may be varied mtii respect bj an 
unsulftniated moiuimer and a comonomer to control die concentration of sulfonate 
groups in the resultijig copolymer. 

Further, by using sulfonated monomers, control over Qie location of the 
IS sulfonate ffoup on the polymer is also achieved. For exatttple, as was illustrated m 
Structure 1, the post-polymcnzatioa sulfbnatianof thBbiisphBnolpo]><8iylaic cfher 
sulibne) results in the sulfonaiion of the activated linft By starting wifli the 
sulfimated monoma^ followed by direct polymerization, sulfixnatton is maintained on 
the deactivaiiedijng, as shown in Stnictnre 2. BycoDtioIlingtheconcentzaiionand 
20 location of sulfonate groups in the polymer, various properties of the resulting 
membrane such as conductivity and water contend may be controlled. Direct 
polymetizafioQ of sulfonated numomers allows for weU-dcfiuBd ioo conductor 
locations, hi^ protonic conductivity, and ftnh mT^ stability over polj^near 
electrolytes synthesired by post-«ul£mation reactions. 
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Stxuctuie2. 

HQ|3 DMOlnttdlUqg ° 

Aa used hcrcui, "sulfoaatc" or "sulfonated" refers to a sulfimatc gronp, i.Cw, - 
SOj, dthfic m the acid fiorm (-SOjH, mlfonic acid) or the Aalt form (-SOjNa). The 
i cation for the salt form may be sodiuro, potitwhini, cesium, or other metil, inorganic^ 
or orguuc c&tioxL 

Fuither, -when the lenn "polymer" is used, it is used hroadly and inchides 

homopolyDicre, random coi>ol>iDerB, ozid block copolymers. 

I 

Many difEerent types of polymers uuy be formed in accordance with Oie 
I present invention. Control over the concentration and locab'on of tine sulfonate groups 
on flie polymer may be achieved by using the appropriale Bulfianated mooomcr in 
conjunction 'witii a suitable comonomer. Specific exaxnples of the types of polymers 
include, but ore not limited to, polysalfones^ polyimides, polyketones. and 
poly(atyl(3ic ether phosphinc oxide)3. 

For fuel- cell appUcationx, it impoitant that the proton exchange mcmbi-auc 
of (he fiiel cell be conductive and have good mechanical stxenglb. Aromatic 
polymers, rach as poly(aiylene ettier Bulfoiie)s, Qpically have oxcellenl thecmat and 
mechanical properties, ss well as resistance to oxidation and acid ca1al>7ed 
hydrolysis. These propcdics ^'pically inqxovc when die nurnber of aliphatic units is 
decreased. 

Gcucrally, the invention is directed to the direct polymerization of a sulfoiiated 
activated aromatic monomer, an unsuUbnated activated aromatic monomer, and a 
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comonomer, such as biq>hcDol, to finm & suUbnated aitniutic copolymer. AcliTaliokg 
groupfl fijT tUe monomerB may mchide -S-. -S(0>. -S(0>r» -C(0)-, and -P(0)CC<Hj>. 
The monoxnoB may b« in the dihalide or dmilru fonn. Halides would include, but are 
not limited to CU F, end Br. 

The sulfonated activated aromatic diholide is pr^aied by ralfbnatioii of the 
coiTcspoiiduig activated aromatic dihaltdc by aulfiuution meOiods laiovm to those 
sldEedinfiieajt TfausalfoaatedactivafBdanmialicdihalxdBmay thmnfedintfae 
fiwrna t io n of the ailfimated copolymer. The genenU reaction scheme fiirfoonijis the 
sulfonated copolymer is shown in Scheme 1 below. 



I NaObS 

1- 

HO,8 

In scheme I, YnUy be any group BiatactiTatesIhe leaving BTO^ Inaac ' 
einliodimcnt Y may mchidc» but is not limited to, -S-. S(0)-, -S(0)j-, -C(0>, 
15 -P(OXCc£^> or cQtmimiatkms thenoC The activadng groi^ for the sulfonated 
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monomer way be the aama or dififerent fam the nnimlfifmirfed mfwiftnin -, Xmaybc 
any aclivated. leaving group wicfa as a dihaUdo or a dinihxj group. Preferable dfhalidea 
include, but are not litnited to, CI, F, or Br. £a the bisphenol, Z maybe a dixcct 
caAonHaiboii sinfile bond. -C(CHs)2-. -C(CFj>r. -C(CF3)CCcH3D-» -C(0>, -S(0)2-, or 
S -PCOXCfiELs)-- Purtfaer.wbiie Scheme nsiUustratedusiagplica>4gnupfl OB the 
aromalis group, other axomaoomoictica may be used. These inohide^ but are not 
limtted to phenj^ napthyl, tBtphenyl, and cxnnfahutiaiia thereof 

Tha molar ratio of sulfiniatBd activated aromatic monomer to activated 
aromatic monomer may range from about 0.001 lo about 0.999. The comonomer, 
10 such aa bisphecol, is used in sufficienf stoichiometric pwo'*"^ to piodttce flie 
aulfonaied copolymer. 

The following discussion will be with respect to the fbmiation of a sulfonated 
polysulfone; however, one tttTtii^ in (he art will undcxstand that mudi of the 
discusrioa is applicable to tiie ottier types of polymers discussed above and are within 
IS the scope of tbo present inyootioo. 

One embodiment of fhc present ttnrentiQn includes a sulfianaled aromatic 
BUlfiane where there is at least one sulfianato moiety on an ammatlc ij^i g adjacent to a 
sulfime functional group of a polysulfime. Thean>matbring,duetoitspraxjrnity1o 
die sulfbne sxovp, it deactivated fbr sulibnation reactions. SuUbnadcm on the 
20 deactivated aromatic ring is accomplished by. sulfanating the cotrespondinfi monomer 
followed by polymenzation to fomti the polysuifone. la this way, sulfonotion of the 
deactivated ring is maintained. 

The formation of llic sulfonated polysulfono polymer takes place by selecting ' 
or creating the desired sulfonated monomer, which is typically in the form of a 
25 dihaEde. The sulfonated monomer is 'Oiea condensed wifii an ^piviiiiate 
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comonpmer, such as a bisplunol, to £9im (he suirooatedpolysuUbnepolymer. The 
guIToQiited modomer maybe added hIobb or in coxrj auction with an imsulfouatod 
moDOuier. One paxdculariy useful sulfonated znanomer U 3,3'-disulfoiiated 4,4' 
dichloiodiphcoyleuLfioiieCSDCDPS), shown mstn^ TVhile {he dicliloro- fonn 
5 13 diacuaaed. otfacr iHhaKde fbima, snoh oa Qie flaoro form, may ba used. 
Stzuctafe3. 




SDCDPS 

As mentioned eariiei; an. nniwlfonated monomer may be added wiHh the 
sulfonated monomer to foim the sulfonated oopolymci. The unculfonated monomer 

10 may vary dq;>c3sdmg on (ho desired properties oflhcresultiog polymer or 

When 3,3'-disulfonated 4,4' dichlorodipbenyl sulfonc is used, one useful unsulfcnated 
monomer is 4,4'-dichlorodiphenyl aolfrae (pCD'PS). Tba lelalive molur ratio of 
Eulfonated monomer to unsulfonated monomer will vary depending on the desired 
properties of liie material and can range fiom about 0.001 to aboitt I, preferably fimn 

IS about 0.3 to about 0.6. As mentioned above, o&er activating gF0iq>8 other than tiie 
svlfono group may be used. 

The oomonoimer used to Saxm. the paly sulfbns may also vary depending on the 
desired properties and ^plication of the resultinsnienibtane. Mcme anbodiment, 
bisphoiol is used as the comonamer. For proton exchange monbranes y^ere 

20 meobimica] strength and beat tolerance is impoitiint 4,4'-b]phBno]. l^droquinon4 6F- 
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biqthcno]. phenyl phosphins oxide biqihoaol* or odier atoautic butpheoolB muy be 
used as the comoaomer. Furthftr, the bispbenoi may iochide additioiial al^phatie or 
aromadc substituenu. 

One embodiment of the inveatioii iachideg tbe direct coadensatioa of 3,3 • 
disulfonatcd 4,4' dichlorodipbcnyl salfbae and dichlorodiplieDyl sul&ne with 4,4 - 
biphoool to fcnm sulfonated poly (at^dene ether aul£)Dfi)s as shown in Scheme 2. 

Scheme 2. Syslhesls of sulfimated poly(aryIeae ether aiU:aae)s. 



KMPmHucMKlCXX 

l(OCllefhK«i 

IMClfib 



fp^yk" 1:01 finjnole); XX - IOQa1[iri^ 



10 While schcniB 2 illustrates SDCPDS and DCPDS condensing with 4,4'- 

biphcuol, il should be understood the method of (his invention and fiicl cells fbimed 
Haenhyf contemphxe any anunatic sulfonated monomer inctudin^ one ox more 
aromatic grot^s and one or mors ntlfonste moieties located on the aramatio ^ups 
which inchides loaviiig groi^>s that react with coireqiaiuli^ 
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comonomer. patticDlaily including .but not limited to, bi^henoU, by a condensatiui 
rcacfiou. Tbo comonomer inay itsidf be rabstitutod with a Bulfajjate mototy. The 
polymo^pioauccd indudea a looliic Tsdo of nilfooated activated aiumadc mouomcx to 
activated axoiQitic monomer ranging fiom about 0.001 to abom 1, and preferably 
S ficom about 0.3 to about 0.6. 

Membraaos may be formed from tbc suUbnstod copolymer by mothods 
knowntDflKisesldUediiithaaxt These mnnbcBnes can find appUcadoa as proton 
excbanjp membzanes ici fiiel cells or as ion exchange membranes in ion exchange 
^plications. One method for fmrninc a membrane includes dissolving the 
10 sulfonated polymer in a suitable solveDt such as DMAC and followed by 

dizecOy onto a gbss substrate. 'As more fUly discussed in Example 1 bdow, these 
membranes exhibited conductivities equal to or greater flian known Naficu* 
moxibraiiics and have paiticubiri^iplicatiafii in fuel cell technology. One embodimcni 
of tte invention hidudes a protoa exchange membrane that mcludei a polymer made 
15 &om the direct polymetizatioo of a sulfonated monomer and a pomonomer where the 
membrane has a conductivity of at least about 0.005 S/cm. 

Another example of a useful sulfonated polymer is the sulfonated polyimzde. 
As with &B sulfonatedpolysulfbue. a sulfimated monomer is used in fbe 
po]ymnrizationpnx;es8. Genezulromes toOeprepantjonofpolyimideskDOwnto 
20 those skined in the art nmy be used to fomiCbepolyiialde, including foxming^ 
polyimide by an ester acid reaction or by thermal imidization. 

Examples of suitable sulfimatod diamine monomexa inchidc* but are not 
limited to, 2,5^hcnyl encdiamine sulfonic add (PDA-H), 2,5-phcnyIenediaraine 
sulfonate^ 4,4'-dianxrna-biph6oyl-2^'-di5[tlfoniE: acid, or 4,4'-dianiino-biphBnyl-2^'- 
25 disulfonate. Ihe cation of ibe sulfonate ibim of Q» diamine is not QpicaUy aucial 
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and may vary betweea dijETerent metds or otiier hnreiuuc or orB;tnic cations. 
Exao^Ies of L>picHl metal cationa include, but ate not lixoited to^ potasaum* mdiuni, 
and cesranL 

V^ien an onsulfonated diamiiie is iised in ctnuunction with a eiUfo 
5 diamine, the unsulfonBtoddiamioe may VBzydepeodine on ttwfn^crtte^ 

desired membrane. Bxamplca of some suitable xinsulfonatcd diammc mcludc, but are 
not limited to. 4,4 -ilaaxenylideae dismninr ^A), 4.4'-diaaunodiphmybulfon& 
fPDg>L and other rimilaf diamtnea each at nryAiant»r^ FuDCtioQal gtoiqs ottier than 
the sulfone fimctioiial btoup. such as a ketone^ phoBphniB oiAiB «mH fhn Wim 
10 find ^[iplicatiiQn in these polymers. Tiie ratio of ntifonated dicmine to the 

msulfonated amine may vary dcpeoding on the desiied properties of Uie membrane 
and may ianj(B&am about 0.001 to about 1. 

The diaahydiide should be added in Buffideat Btoichiometric amounts to fonn 
the polyamide. These amounts axe readify detexminable by one dolled in the art The 
15 - dianhydrides may VBtydependins on the iqipUcatLcm and desired pn)periaes 

xesultiii£ polymeric matedaL Bxanq}les of sniiable daanhydrides include^ but are not 
limited to, heatafluoradiflnhydrides (6FDA) and 3^',4,4'-bipbaiyl tetracarfaaxyliG 
dianhydride (BPDAX ^ n^thalene six memheced ling dianhydrides. 

Scheme 3 ilfaistrates dxs formation of a sulfbnated polyimide fomied by 
20 I3iezmal imidization. 
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Scheme 3. 




Aa diffcusxd bdofw tn Bxmiple 2, the sulfimated polymiides tanned in 
accorfance wifli the pnasesat inveolioa -weie conductive and were rdalivdy tiienaaJly 
5 Bbible. 

The operational teitnperatuie for fuel cells is important Higher <^aating 
temperatures deezeasea the carbon, monoxide poisomng of the electrocatalyst. 
Howeyer, as the ten^eratorc is incieaacd. it becomes more di£ELeiat to keep the 
membrane of the fiid cellhydrated. Dehydraled membranes lose ionic conductivity 
10 and can result in poor contact bctweea the fiiel ccD components due to shrinkage. 

The above-discussed sulfonated polymeric membranes are usefiH u proton 
exchange membraaos and ion cxdbango membranes. One important feature of tiic 
present invention ia flie combination of the sulfonated polymer with aheteropoly acid 
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C^A) to fonn a nanooomposite niemlixane. The heteropoly add bcoomu faighly 
dispersed in the naoocomposite membrane resulting 'm a substantially tran^arent 
membrane. The nanocoznpoaite monbiancs of the present xnventioa /v™t^«TT iTntl 
betoppoly acid allow the fiiel call to nm attempeiatureB greater than lOO'C and 
5 improve the (aotonic condnctiTity of fhe membrane while decreaaing the water' 
djsorption. This result is unexpected because protonic conductivity for most 
acid-based membranes has typically been directly related to manfarane water content 
Additionaliy, theMafion® based systems with a beteropoly add usually result ia low 
diversion of 'Qie hetaopoly add and lower conductivity, 

10 Tnorganic heteropoly acids have typically been added to hdp retam water in 

the meodirane on a local scale to increase pioiaa condocficm at low levds of 
hydratioiL Hie naaocazDpo§ite membxaaes of the present invention ^w increased 
protonic conducti-vity onddecreased water absoiption maldjig tiism '•-i*«^'<ii1fltTB for 
proton exchange membranes in fiicl ceQs. 

15 As used herein, "heteropoly add," "inorganic heteropoly add."Bnd "HPA" 

have the meaning known to those skilled in Ou: axe and particularly as set fintfa in 
Katsoolis, D.B., "A Survey erf ^plications of Polyoxomctalates" Chemical fijeviews^ 
voL 1, pp. 359-387 (199S), herein specificaUy incorporated by reference ia its 
eutirety, 

20 The uanocon^ositc membranes may be formed by sohition-casting a ndxtuie 

of the sulfonated polymer and the hetcnjpoly add. The wdght ratio of heteropoly 
acid to sulfiniatedpolymer may rax^gefttm about 10% 10 about 60%. Hwiatiowill 
vary depending on the type of sulfcouted polymer and type of heteii?poly add 
used. The ^es of sulfonated polymeia tbat may be used include my of (he above- 

25 described sulfonated polymers. The types ofhetcropoly acids iochido but arc not 
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limited lo. phospbotongstic acid, phoaphomolybdic asid. wuL arconinm hydrogen 
phosphate. 

Some embodimeots of the presect invendon is illustrated in the following 
examples. The exan^les axe provided fin: UlnstrationpinposeB and should not be 
S construed as limiting flie scope of the picscnt invention. 

EXAMF1£I 
SnUbnated PoLysulfone 
Thsdedred sulfonated monomer was prqiaiedaccozding to Scheme 4. 4,4*> 
dicihlorodiphenykulfonc was reaclod with fuming sulfuric acid, followod by 
10 neutralization with sodium chloride and sodium liydroxide. Tbis electropfailio 

BToautu substitution pcocess providea derivalivea that arc metato &c sulfoiQr) grotqi 
and ortio to (he chlorine group. The chemical stnuitunj was confirmed by proton and 
carton MidR, as weU as by mass spectroscopy, infrared spectra and elemental 
analysis. The anti c ipated souctures were obtained in yields i^iproachiiig 80%. 

15 

Scheme 4. SynfiicRS of SSCDFS 



pB-6-7 
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Swifimn t od poly (aiylaae efher sulibnea} were niecesBfidly synfiiesiZGd via 

nuclcophiUc aromatrc «uljstitutioapolycondeii«ation of liipheral, DCDPS and 

SDCDPS, Bt 0, 40, 60 aod 100% of Uic SDCDPS relative to the total cooceatitUioa of 

dihafide (DCDPS plus SDCXtPS). The polymer synllieas (Seheme I) involved 

condenidiig a controlled amount of the snlfhnatwl acdv&tod haiido (SDCDFSX the 

4,4*>dichlorodiph6nylsulfimo and biphcnol io NMP, which contained toluoao as m 

azeotropic agent Tho substitiitBd aoiivBted halido ia clearly less reactive and libsly 

less soluble. Thus, temperatines Deeded fiir lisfi moleculBr weight wen increased 

somewhar hi^er than normal - to about 190''C The polymoizalloas were 

conducted in the sodium salt form of SDCDPS to lake advantage of tho greatly 

enhanced stobility of flxe BulfiBnio aoid salt 

Table I. SynOicsis and ChaEactozuatioa of Dipheool Based Sulfonated Copolynter 
Coo^posifions 



tnHytaer 


Monotncn 
DCDPS 


(Bmwl) 
SDCDPS 


■ BPS-CO 


10 


0 


BPSH-40 


6 


4 


Bpsiteo 


4 


6 


BPS-lOO 


0 


10 



NMP Water 



20 



0.61 0,4 0 

2-3 31 o.ll 

33 78 0.17 

- WS<^^ 



(a); 24 hr at 25'C: (b): Water aohible; (c) Nafion* 1135 control was 0. 12 • 

The rccorvered yields woie quantitative and inirhasic viscoedties dctcoDhied in 
NMP at 25°C were high (Table I). The intrinsic viscosittes a» influeaced by the 
sulfimated gfovps* whidi is believed to be related to enhanced intcnnolecular 
Qssocislions, At this point, iq» to 1.2 - SOjNo groups per repeatiiig imit (60 moloV. 
SDCDPS) introduced into the pdl>mer cOiain allowed hi^ molecular weight, tougb, 
film-forming material to be obtained. In addition, all the sulfonated mcmbiancs 
showed higbcr water uptake than non-«ul&natcd membtane^ due to (he introduction of 
hydropMIio sulfonate ffwxps. (Table l.) The 100% SDCDPS system was water 
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soluble. Sodiam fimued membiBncs (DPS) were tnnsferred to fhdx comqwoding 
acid £onn (BPSB) ustog a dilute acid sdattoa Cor dtancterizaiion and oondncHvity 



Obe socceufU inooduetion ofthe sodium sulfonato groupg was confizmedby 
the FT-IR spectra where tStong characteristic pealcs at 1030 cnf' and 1098 om~* were 
assigned to aymmctaio and asymmetric stretching of SCVjNa. There was no rolotcd 
node for Ifas unsubstitaied contra] material pt^aircd from faiphoiol and DCDPS. 

Nooaqueons poteoHometrb titratian was used to d^emune the content of 
proton-eacchange groups (-SO3H) quantitatively. The dried BPSH solutioas in DMAC 
were titrated by stemiard tcteamethyl ammonium hydroxide solution (--0.05N, in iso- 
piopanol). One shaip titration, end-point was obsorved indiooting a strong add (- 
SO3H) and base reaction. Assuming that all sulfinated monmncr was incoipoxatod 
into the polymer chain, die rheorclical ion exchange capacity (lEC) £brBPSH-40 and 
BPSH-60 are 1.7 and 2.4 mcq/g. respedively, which are in good agreement with 
«xperimBDtaldatainTable2. All Ibe above results indicate QiatSOsNa and after 
convciaian to the proton conductiYc groups, -SOjH, could be introduced into polymex 
via a sulfonated monomer without any side reactions, which are often observed with 
post sulfianation methods. Moreover, tiieraoic conductor was located on a 
deactivsted phenyl rin& wfaidi should provide stability. 
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Table 2. Short-^cnn thermal stability of -SO3H groups of 40 or 60 jnole% 
eopolymets aa indicated by Tntrinsic Viscoaity and lEC Retention at IS^Cf-'^ 

AgmfiT, BPSH-40 BPSH-60 

^ IV^^dtya) EC (moq /g) IV«(diyg) TECimcq/ 

^ i3 rr 



3 J 2.2 

lOOjC 2.1 1.6 3.1 2.3 

140jC 2^ 1.6 -3.2 Z3 

ISO^C 2.4 1.6 

aao^c 2.1 1.6 

260"*C 2.2 1.5 PS*** 



3^ 2-1 
3.5 2.2 



a): The BPSH membranes were treated at each temp, for 30 mia. in air before 
Intdndc Viscosity and lEC detetminalion. 

V)i fiitrinsio Viscosities were detennined in NMP at 25*C, • pHrtially soluble, 
indicstiBg tbe thenml onset of tamdiing. 

The stability of -SOjH ffoxxps was investigated by the combinatioa of non- 
aqueous poteatifmielrie titcaiiQii and intrinsic viscosity measurements. The free acid 
menibrane, v4uoh is in the fonn Oat would be of greatest intBrest in proton exchan^ 
membmncs for fuel ccHs, showed significantly more stability than might beea 
expected from snuU) modd molecaie experiments. TTie molecular structure was 
stable for 0.5 hcra 15) to 220'C at ai^ as profTOi by the stable ffiC and inl^ 
viscosity values CTable 2). Wthouthitcndingtobeboundbyaieoiy.itisbelievcd 
thatIhA deactivated phenyl rings will be better defined locations for the ion 
conductivity, since they are placed on the moaoma prior to polymerization, end more 
stable to desulfonation since the antidpsted intennediate catbocation reijuircd &r 
desulfonation is more dlfTIcuU to stabilize on such a. sulfone deactivated ring. 

The fiiUy hydrated acid fonn membrane had a room temperature (25*'C) proton 
conductivitiec of 0.3 1 and 0, 17 SAan for the 40/60 and 60/40 copolymcia, 
respeottvety» while the conductivity of Naiion* 1135 (DSC 0.91 meq/g) was 0.12 S/cm ' 
under the same conditians. The higher conductivity of 60% DPSH in comparison to 
Nafion* 1 135 is most Ekely a result of the greater lEC and waier uptake of BPSH. 
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Botti Actars wen previously shown bi nfiTect ihe observed protonic cooductJyity of 
Nafion* The water \iptake of 60% PSH was 70% by weighf as oppose*! lo a water 
ttptalw of 37% by the control Nafion* membraxi^ Conductivity measuranfinis wen 
pecfonnad in a conductivity odJilhietraled in Figure 1. Tbe conductivity cell include 
5 a non-conductivo polymer block I wiUi thumbsocwa 2. 'Ilicrc is an open area 3 in the 
polymer block I to allow equilibration with the covinmment A membtanc 4, such as 
a proton tau haag /t mjcmhrane, is sandwiched beTweea the polymer block 1 aiida 
blackened platinum fcal deotzode 5. Ihe decfiodes 5 have leads € for caoyins a 
conductivity signaL ^ 
1 0 Poly(aryleac ether suIfone}s contaamng up to 1 ^ sulfonate £roiq>8 per 

repeating unit (60 mole%) were snccessiully prq>ar6d by direct polymbrizatiMi of Qio 
sulfimated aclivaledluiltde usms oOierwise fanly smular *'po1ysuIfoni^* 
polymerization conditions. Tough acid fonn jfihns obtained by solution casting 
method showed voy high proton conductivity and good stability. Thus, this material 
15 and materials mada by similar processes shoold be nsefnl for new pwton mr rhim «« 
men^jranes for &el cells. 

EXAMPLE 2 
Snlfimated Folyimides 
Sulfimated polyimldeB were made using DADFDS and BPDA in ido1% of 0, * 
20 1 0, 25, 40, 60, 75, and 100. These sulfonated polyimides were then fomied into 
membranes. Ionic conductivity and water uptake measurements were obtained and 
are Teported in Table 3. Membranes containing 10% Ibraugh 40% were conductive 
and had wntcr upXskoi ranging fiom 6J2 to 28.5 %w/w. Umbo matedals .were also 
examined for thermal stability. As shown in Table 4, the temperature at which the 
25 momfaxanea exhibited a 5% weight loss in air ranged ham 260 to 541''C. 
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Table 3. laaic Comhictivjty and Wate Uptake For BPOA/s-DADPS. 



Po^nxBr 


s-DADPS 
(moi %) 


mc 

(meq/g) 


Water 
Uptake* 

(% wAv) 


(H2O mot 
/SO,) 


Conductivity* 
xlO^S/on) 


BPDA/s-DADPS- 
00 


-0- 


-0- 


c 


C 




BPDA/9-DADPS- 
10 


10 


0341 


6.2 


12.12 


0.4 


BPDA/s-DADPS- 
25 


25 


0.784 


15.9 


13.52 


0.7 


BPDA/a-DADPS- 
40 


40 


1.161 


28.5 


16.36 


1.5 


BPDA/k-DADPS- 
60 


60 


1.583 


37.7 


15.87 




BPDA/s-DADPS- 
75 


75 


1.852 


55.5 


16.59 




BPDA/fi-DADPS- 
100 


100 


2.230 


W.S 







Tabic 4. Thcsmiid Stability For BPDA/s-DADPS. 



Polymer 


Sulfonated 
diamine 

(mo\%) 


m/a 


[Hi* 
dUg) 


5% wd£^t 
Uwsinair^ 


CC) 


BPDA/8-DADPS-00 


0 


0/10 


0.83 


541 


201 


BPDA/s-DADPS- 10 • 


10 


1/10 


121 


319 


212 


BPDA/8-DADPS-25 


25 


2.5/7.5 


1.78 


310 


226 


BPDA/8-DADPS-40 


40 


4/6 


2.31 


298 


242 


BPDA/s-DADPS-60 


50 


6/4 


3.17 


287 


n/o 


BPDA/b-DADPS-75 


60 


7J/2J 


3.82 


272 


0/0 


BPDA/fi-DADPS-lOO 


100 


lOA) 


435 


260 


n/o 



Mwnbraaes were also fiDnncd ftom sulfonated polyimidce made Aom BPDA 



and DADPPO in mol% of 0. 1 0, 25. 40, 60» 75, and 100. (Wlxat U D ADPPO?) As 
cm be Been from Table 5, mcmbranea cootaiiung 10% flgongfa 40% were cppduetrve 
10 and had watesr uptakes langins firan 4.2 to 20.7 %wfw. As shown in Table 6» flie 
ten^iisEsituEe at whidi the xnembnneB exlubitBd a 5% weight loss in air ranged Ihnu 
257to541»C. (IslhiBcoixeot?) 
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Table 5. Ionic CanAui^vity imd Waba- Vptaka Far HPDA/n-DADFPO. 



Polymer ' 


i-DADPFO 


lEC 


Waler 
Uptake' 


CEbOmol. 


Conductivity" 
X 10*(S/cm) 


BPDA/s-DADPPO- 
00 


-0- 


-0- 


c 


c 


c 


BPDA/fi-DADPPO- 
10 


10 


.0.17 


4a 


10.2 


0.27 


BFDA/s-DADPPO- 
25 


25 


0.43 


10.3 


12.45 


a45 


BFDA/i-DADPPO- 
40 


40 


0.69 


20.7 


13.36 


0.93 


BPDA/K-DADPPt> 
60 


60 


1.03 


31,2 


12.87 




BPDA/s-DADPPO- 
75 


73 


1.29 


43.6 


13.65 




BPDA/s-DADPPO- 
100 


300 


1.72 


W.S 


W.S 





Tabic 6. nuBnni] Subiltty For BPDA/s-DADPPO 



Polymer 


Sulfonated 

diamine 

(mol%) 


m/n 


diyg) 


5% weigjbt 
losfi in air ^ 

ra 


CQ 


BPDA/s-DADPPO-OO 


0 


O/IO 


0.83 


541 


201 


BPDA/s-DADPPO- 10 


10 


1/10 


0,97 


317 


208 


BPDA/$-DADPPO-25 


25 


2.5/7.5 


1.45 


320 


222 


BPDA/s-DADPPCMO 


40 


4/6 


2.00 


296 


224 


BPDA/&-DADPPO-60 


60 


6/4 


Z54 


283 


238 


BPDA/8-DADPPO-75 


75 


7J/2J 


3.22 . 


270 


o/o 


BPDA/'s-DADPPO.lOO 


73 


10/0 


3.72 


257 


n/o 



EXAMPLES 
Proton Exdiange Membrane Nanocompositefi 



Polymer Svntheaia unit f 



10 3-3'-<Ji^onated4'4-dichlorodipheoylfiu3fQiiBCS^ 

. leactioo of 4.4»-dicfa3nrodiphenybul&iie (DCDPS, BP Amoco) and fuming sulfuric 
add, followed by ti fi rtraK7Hti on witfa sodiiint <aitoride and sodium hydnmde. The 

J strocftirB of (his monomer was confinned by 'h and "C NMR. as wcU as by 
B spectrosoopy, infiaied spectra and elemental analyGia. Biphaiol-based 
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Ailfonited potKuyleno ether soUme)M were synthesized by direct polycondcnsation 
of 4,4*-bij>ba2ioI (Eastman Cheadcal), DCDPS and SDCDPS, at 0, 20, 40, and 60 
mole % of the SDCDPS. CopoJymerizatioijs proceeded quantitatively to high 
mplecular wdgln in N.melfayl-2-pyrrolidoiM at 190*C in the preseaice of anhydious 
S potassium oatboiuto (Scheme 1). The oc^Iymen in their salt fom wen Hieu 
converted to flic ooircaponding axid form by boiling in dilute sulfiiric acid solution, 
foUowed by washing with dctonized watesr fbc 24 bows and vacunm drying at 80 
for24houn. 

The composite membraaes were prepared using Qjo add form sulfonated 
10 poly(aiyl6nB ether flulfonc)8 (BPSH) and phosphotungfitio acid (BiPA, Fiuka 

Caiemicals) by a solution-casting method. The BPS polymer and the HPA powder 
was added to dioiethylacetamide (DMAc) (10% w/v) and the soluliafn waa stirred fbr 
12 hour *t 80*C The wdgjit ratio of the HPA to BPS polymer was varied &om 0 to 
60%. The fiohitionwas cast onto a clean glass plate> dried by aheat lamp st 80^ for 
15 24 hours imdcrdzynitnigenfkiw, and thm under vacimDi at 80*0 for 24 hours. The 
tiaospaiBU cast fihns had a yclloiwiaih tiirf and wore 150 urn 0^ 
in thickness. 
MoroliDlot^y 

T^ing mode atomic fijice microscopy CIM-AP>4) was pcribnned with a 
20 Digital Instruments Dimension 3000, using the micrD-fifaricated cantilevers with a 
force constant of approximately 40 N/m. The samples wars imaged in relative 
humidity of about 35%. Held emission scanning electron microscopy (FB^HM. Leo 
1550 Gemini) was carried out ata low inddeotbeain voltage (71cV) to minimize 
chargiiig. Samples ware fizciured in ciyogemc eooditions and vacumn spattered with 
25 a Ifain layer of gold before imapng 
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Thti microphase Beptradon of die matrix palyma inovidcs fke template for the 
naoocomposite membrane. During soluiion casting of tho membrane^ coacdinalicm 
Owssibly bydrogea banding) of the sulfonic acid moiety attached to the polymer 
backbone and the KFA causes in the inorganto HP A to ledde primarily in the ionic 
S faydxophilio domaina. Miorophaae aeparatioa of the boae polymna for BPSH(0}, 
BPSH(20). BPSH(40). PBSHtSOX and PBSH(60) were observed by TM-AFM and 
conipared to the nanooampoaitBs. 

Field eaniasjon scanning electnm micxographs of Qanocomposite Oiawed that a 
large fraction of the HPA is vecy weO di^Mxaed, however, some larger aggFcgatea 
10 were observable. The fiCBnoingeleotnm micrograph revealed that the HPS-rich 
domaina are coui^y the same size as the ionio domains scanned in the atomic force 
nucrogi^ha. Tlie FB-SEM of the pure matrix polymer docs not revea] ai^ features. 
Water Uptake 

The water uptalce of the composite membranes was determioed by a simple 
IS wei^-difiiBreoce^jiroach. The conqxMiCBmemfaianes were first unmened in 
dcicmiT cd water at room temperature fig 24 hours, ^e wot membxanesweie then 
blotted diy to remove sm-facc droplets and quickly weighed. The wet membranes 
were vacuum dried at 80-100*C and weighed again. The water uptake of the 
manbnmes was calculated by the weight gain of abaoibed water with reference to the 
20 dry membrane and reported as wei^t percent water absoipticm. 
Mechanical Properties 

Tensile properties were measured cm an Instron (model 4204) using ooeshead 
9eedof5iimi/mi&. SolutioneastfiLnshaviiigafilmthiokheasof 130 Minwere 
piepared according to ASTM 638-94 CI>Pe V). The specimens were dried at 80-C 

26 
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and aAsequently tested at mean taupoatun under iq)ptoxnniilely 35% relative 
hnniidity. 

Dymtmio Meohaaical Analysis (DMA) ttu performed cm a TA InstnimeiiU 
DMA 2980 with a sBbmctstoa film clamp. The submernon Bbn c\amp allawa 
5 dynamic analysia with the sample ftiUv hvdratcd in a liquid water mvi mtnTwtnt To 
begin die measurement, a IH2 frequency was applied at ambient humidity. After a 
plateau storage modotus was leacbed, water at rocoD temperatme was thm pipetted 
into the immersion cell while the measurement continued. The corresponding 
modulus drop was recorded and the measurement continued until anew plateau 

10 irnxJuhis was reached. 

SolabiKtv of Nanooomposite Componenla 

There have been several lepotts in fte UtentUR of coozqposile proton exchange 
meaibroaes. B oth polymer/^olymo- and nuxTganic/orgBaio oompoaites have beat 
applied in fuel ceU qppHcatious. 

1 S Compnnent solobiUly was deternitned pximatily by cUrity of fixe memfaranes. 

In atxampareat conqiosite wiSi conqxmests that havo tadeaLcs of refiactioii, 

transparent membranes are only possible if the diqpeised component eaisb in paiticies 
of less fiian 0. 1 Mm. 

Extmclion of (he normally waler-Boluble BP A component from the membraue 
20 was also a concern. AFM micrographs of a Nafion* and BPS matrix after soaking 
with liquid water were taken. Holes eouhl be seen in the Nafion* composite where 
(ho HPA had been eactiacted, while no 8a(^ features iqipe&red in the HPA/BPS 
nanocomposite. The Kaiion*-based composite was opaque and cartraction of the IIP A ' 
compoticnl wbs cunfirmed by gravimetric mcasurcanents. The BPS-basod comiiosLte 
25 was transparent and the extraction of EIPA at 30°C is on Ore order of only 1-2%. 
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effect of Sldfimatiom and Water Ifatakp on Comhcfivrty 

The xnolc.% disuUbnation of the polytner nttttrix has a large cfFtai on both 
wate uptake and itii protonio oonductivity. Conductivity at room tcaq)«ature under 
fUU hydiatloa oouditioas ^vas detennided ushLg & Solatron 1260 lDq;>edaace/Gem- 
FhasA Analyser over the finequeopy xango oflO Hz - 1 Mffg Jbe cell geometry was 
choacD to ensure that the membrane resistanoe dominated the response of the aystem. 
The Fcsiatance of the fihu was taken at the ficqucncy which prodn cod the tnm. t»i TrT, 
im«ifiDary respoosc. The conductivity of tbo mooibiane caii be calculated Jiom the 
measured resistance and Iho geometry of the cell. As shown m Figures 2(a) and 2(b), 
as Qie solfonic add content iaaeases, both the p«cent water absoiption and 
eonductivity of fhe base polymer incneBes. 

Maximizing tiw condueixvity of flie membrane is desirable to increase the 
ciuieul density of the fuel ceU, However, the conductivity must be balanced with the 
water absoaption of the membrane. Too great a water uptake results m membrane 
swelling and may canse poor oontaet between Ifae componoiU of the Aiel celL 

Somewhat autpiisuigLy. the mmocomposite membranes displayed both 
decreased water absorbaacc and iocteascd conductivity ova (he pure polymers. 
iDczeaaing the weight ftaclion of die HPA in Ifae nanocompostte decreases the wata 
uptake syatematicaUy. Tbee£Eect of HPA on the water intake of the composite 
moabianes is shown m Figure 3. 

Decreased woler uptake is attributed to tt» interactiott between sulfcnio acid 
ond the HPA. Aside ftom decieasing the water uptake of the naoncon^msite* tfaia 
intcxaction prevcnb ^e waf»-solttble HPA fiom being extractedin a bmnid fiiel ceU 
caviroDmail. 
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Speoifio iiitecacfunu betweoifho HPA and Ilia sulfimio acid wcxo dncidatGd 
by FTIR apectroscQpy. Vtahapa the most important property of tho HPA/BPS 
uunpositQS is fhar ability to zetahi water at gccatcr tenipexutuiv than the pure 
polymen. FTIR. was used to show the presence of water in (he uaDoeon^osite at hi^ 
5 temperatures. lu Figure 4 the broad peak from 3500 to 2500 cm'' chows the water is 
retained in the nanocgmposilo evoa at 1 80°C whereas no water is present in the pure 
BPSHzaembiBne at fiut temperature. 

Cotenctions between (he BPA and the sulfionio acid moiety can alio help to 
explain the inorease in conductivity of the composites even Ihou^ ttxt water content 
10 is lower. The HPA heJ^s to increase die acidity or disassociation of the proton fiom 
the sulfonato group. Figure S shows the conductivity of the HPA/BPS 
nanocomposites as well as the pure BPS and the Nafioa^membiancs. 

The conductivity of the nsmnfmnprv^^f^^ is aisQ greater than (he m««rF?T 
polymers in a water vapor cavxroiuxiait at elevated teoqiBcatures. Conductivity 
15 measuremeols were made up to 130*C in 100% humidity. Figure 6 displays tiie 
membrane conductivitiea as a fimctioa of tenqwniture. 

The mechaoical properties of Nsfion* ate one of its major dr&wbaeks as a 
hi|^-teiz]peraturc PEM. The low glass tnmsilion leniperatuze aod moduha of Nafion* 
20 are depressed even further due lo its substantial water abGorptiaiL Wholly aromatic 
polyCaxytene ether)6 are Imown for their li^ glass tnnuition temperatures and high 
modulL Tiwstress-strainbdumorofthenumbranesarcshowninFigurc?. The 
• raaterial in Figure 7 are jdcntifiisd as BPSH-40 without Che addition of 
phosphotUD^tic acid (curve 1), BPSH-40 with the fl^ Mirion of 30 wt% 
25 pho^phocungstic add (curve 2), BFSH-40 with tiie addition of 60 wm 
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phoaphoCDDSStic acid (curve 3). BPSH^ with the aMHaa of phosphotungstic add 
(airvD 4), aod Nafion® (curve 5). 

Nafion* behaves like a lubbery matBaial at ambient coiuHtions, while the oOlet 
sxilfanated lystems have propetties akin to high-pcifonnance thennoplastics. The 
5 sulfonated aysteou with HPA (curves 2-4) Bhowedmcreasedsti^^ 
Che sulfimated lystem without HFA (curve I). 

iD-sta DMA was perfbtmed to assess the eflfcct of water uptake on the 
moduloB of (he materials. As caa be seen from Figuxe 8. Che modolns of the materials 
drops when the mcmfaraiies are exposed to liquid water. 
1 0 Comparing the moduli of (be materials in a water eaYiroamoit^ the two BPS- 

baaed manhnmea have a higher modulus than Nafion* supporting the bypothcais that 
ttie Btiff-faackboned poly(uyloae ethere) have a higher moduhu in both the dry and 
wet cnvironmisnts. As couU be expected, Uie naiwcoiiqxjrito manbranc inc^ 
3 0 wt ?^ HPA has a greater modulus in both the dry aod wet state than the unfilled 
15 menibraiiB. Themodul«aoifNafian*only dn^>abyaf8Ctorof 1.4irtiUe(hen»duUof 
the BPSH-baaed materials (jpure polymer and nanoconqKisitc) drop by fiuton of 4.5 
and 3.0, respectively. This is duo to £he feet that UieBPSH-bascdtaatcriaU drop 
through their glass transition tempeialure firom (he glassy state to the lubbcry plateau 
whereas Nafion* begins as a mbberxnatoial in the dry state. In suifosated pioton • 
20 ^change membranes, fee water uptake decreases the glass transition of the 

but beeauao of the stifif-backbonCi the modulus remains greater ttiaa fliat of Nafion*. 

Fiofon cscchange nanocomposite mcmbianei display some distinct adrantagea 
over djeir purely polymeric counteq>aifs. Tlie con^odte memhrtoeffdiw 
decreased water uptake widiout sacrificing pxotonic conduotivity. This ie an 
25 important farealdfarough in hydiated proton exchanse numbranea, because typicaUy 
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anyiiwiBwucfiJleffhafflianqjoraltbecondnrtiYh^ JnaMi^xm, 
specific interactioiis bctwem tbe sulfonic add and the HPA pravent tboiuumaUy 
water soluble HPA from being extracted from dbe composite in an aqueous 
environment. 

The chemistiyoftlio matrix polymer is nnportaatfcr two reasons. Fixsttibc 
polymer chfitnistry can be optimised to coordfniuc wtth the inorganic componait of 
the composiUs. Second, the polymer cbcmistiy, namely the ampip ii^ii f,^ mixuc of the 
diain, detemanes the microphase morphology of the composite because of the stzons 
binding of fho sulfonic add and HPA. The morEanio HPAhclps retain water in the 
membrane st tenipentures leading to good conductiyity above the boiling point of 
water and increases the modulus of the polymeric material. As the operation 
temperature fiid cbOb is increased above 120^ to decrease dwpoiaamugef&cta of 
caAon momaide in die fiiel, humidificadon of the proton exchange mcmbiane 
becomes more difficult. The HPA nanocomposites reported here will b© able to retain 
their good protonic coaxdnctivity at lower relative humidities and will reduce 
mechanical Mtees caq»crieDccdwiai lower moduhM mcinhr^ 
BXAMPIB4 

Stability Study for Sulfonated Polysulfone Membranes 
Sulfonated polysuHSone (BPSH-40) was formed by condensing DCDPS (fiO%) 
end SDCDPS (40%) with 4,4' biphcnoL A membrane was fonned from thetiPSH-40 
polymer and placed in a pressure bomb at a controUed tcmpcratuie of I2CrC and 
100% humidity. The membrane was chemically and met^anioaily stable for over 
lOOOlizs. 
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While the tnvesrtum lias been described in terms of itg prefemA enbodiments, 
those skilled in the art wiUzecogaizo Qal (he invenlion can be practiced with 
modificatioo within the qtirit and scape of i^ppeaded claims: 
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CLAIMS 

What is clumed tr 
I . A mlfonated copolymer hAving fhs foUoTtrine chemical structure: 
sOaH 




5 'n 

HOaS 



vhereiaiiAHin nngeB fiom sibout 0.001 to aboitt 1. 

2. The copolymer of daim 1 wfacrcm nAi*m ranges fix>m about 03 to about 0,6, 

3. A nilfooatedpolysulfbne ccnoapriniijj at least ons sulfonate moiety on a 
deactivated eramatic ring adjacent to a sulibne ftmctional group of a polysulfbne;. 

4. A proton cxdumgc mcanbrane comprising a soUonated copolymer having tho 
folio-wing chemical structure: 




wheieinnAirHn razees fiom about 0.001 to about I, 

5. The proton tarnhiage membrane of elaim 4 wfaotcin oArhn ranges 6om about 
0.3 to about 0.6. 
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6. The proton exebaige membrane of daim 4 further cQmprinng an itwrganic 
betercpoly add. ^ 

7. The proton exchanse membnusLe of claim 5 wherein the inorganic hetexnpoly 
S odd is selected &om the ^oup consisttng of phospholungstic add, phosphomolybdie 

acid, and 2irconrimi bydiojca phosphate* 

8. The proton occhaogemembcaaeofclaim 5 wherein^ 

acid is phosphtnuneBtic acid in an amoimtiangiqg from about 10% to about 60% by 
10 weight 

9. A sulfonated |3o1yiinidc having the following chemical stiucture: 




vt^icran nAHm ranges firom about 0.001 to about L 
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10. A praton cKEbaagc momfanitc ooiapriamg a sul&matedpolyinudo m m ib in mg 
formed from a solfimatBd polymer having tiie chemical structure: 




whetdn n/iHm ranges from about 0.001 to about 1. 

11. Theproton exchange membrane of claim 10 Aafber comprismg an inorganic 
hetenpoly acid. 

12. The proton tachangc mcnxbrano of claim 1 1 wherdn the inorganic betetopoly 
acid is selected fiom the gmnp consisting of phoiphotimgBtic acid, pbnsphomolyhdic 
acid, and zirconiimi hydto^ea. phosptiate. 

13. Th« proton occhango membrane of claim 12 wbercin the inorganic heteropoly 

add ia pboqphotuugBtiG add in ao amount Roiging from about 10% to about 60% by 
wdght 



14. Amethod for making a ailfooated polymer comprising the step of 

reacting a monomer haviog at leaat one sulfonate gcoup and having at least 
two leaving groups and a comonamcr having at least two leaving groups to forai a 
sulfonated polyma, whereby aaid leaving groups aro removed by condonsatioa of the 
monomer and comonomcr. 



(61) 



JP 2004-509224 A 2004. 3. 25 



«u»^7« PCT/US0W9293 

15. The mediod of cbum ]4 whcRan the monomer is 3»3'-duu1fima£ed 4,4'- 
dicUamliphea^ siUfbnB. 

16. The method of claim 14 wfajerdn the moaamer includes 3,3'-disu]fcinaied 4,4*- 
5 dichloTodiphcnyL sulfono and 4,4'-dichlon>diphcaiyl sulfbno m a molar ntio rQUjing 

from about 0.00! to 0.999. 

17. The method of claim 14 wherein the comonomer is 4,4' biphesud. 

10 18. Tic method of claim J4 wherein the comonomer is selected from the group 
consisting of 4,4'-biphenol, hydroquinone. 6F-bisphcnol, and phenyl phosphinc oxide 
faiqiheaol. 



15 



19. "Hie method ofclaon 14 wherein the sulfonate groups are siilfoaic add ^ 

20, Tho meOiod of claim 14 wherein fiie sulfonate gcwipa are in the salt £mn. 



21. A method £br making a sulfonated polysuUbne comprising the step of 
condensing a sulfone monomer having at least one sulfimate gioi^ attadied to 

20 an ntomiitio ring adjacent to a sulfone functional groiqi of said snlfone mononur and a 
comonomer to fomi a sulfonated polymer, 

22. 'Hm method ofclaim 21 wherem the monomer includes 3,3'-di5nlfo 
dichlorodiphenyl sulfone and 4i4'-didhiraodiphcay! sulfbne ia a mohir ratio nmgmg 

25 from abontO.OOl to 0.999. 
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23. A mefliod fi>r ouJdng t sulfonated polymridfl compriamg «hg irttp ofi 

polymerizing an aromatic diamine having at least one sulfonate moiety 
attached to aa araaxatic ring of said aromatic diamine with a dianbydzide to foxnx a 
ralfonated polyiimde. 



24. The method of claim 23 wherein the sramBlic diamine is selected from the 
Efoap amsistiiig of 2,5-phcn)denedijmiTio sulfenic acid, 2^-pheDylcaediamine 
mlibnate, 4,4MiamixK>-bipbenyl-2,2*-disuI&]iic add, and 4,4'>diamino-b9heayl-2^V 
disulfooate. 



25. The rxjtihod of claim 23 whcidn the dianhydride is selected from 
cousistjqg of a hexaflantodianliydride, axid3^\4.4'<4)tpheayl tetracaiboxyiitt 
diacfaydridflL 

26. Ihe method of claim 23 whereia the step of polymerizing an arocnatie dianuoe 
includes a second djiwing, 

27. The method ofclaim 26 wheroia the ratio of said aromalicdiamiBfi to 
second diamii» rasees fiom abont 0.001 to about 0.999. 

28. The method of claim 23 herein the sulfonate groups are in the salt form. 

29. Ihe method of daim 23 whcRan the suUbnate groups ate sulfonic acid groups. - 
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30. A sulfbiulied ctqwlymBr hftviog the fibnowiog chemical stiuctiue: 

HO9S 



n^4mxBiiges fiom ahaat 0.001 to about 1 ; 
5 Y is selected from the group cousistiag of -S-, S(0)-» -S(0)2-, -C(0>-» 

>PC0XC6B[s)«, snd coinbiiiatioiis thereof and 

Z is selected from the gmup consistmg of a direct catbon-caxbon "ttgi" baud, 
-CCOhhr. -C(CF02-. -CCCTjXCiBsK -C(0K -S(0)r-. and -P(0)(GsHi)-. 

10 31. tho sulfonated copolymer of daim 30 wheieio n/n+ra nnges fiom ahout 03 
to about 0.6. 

32. A proton eocclunge membxano eonipnszng a siHfaguted copolymw having (be 
chemical BtnictnrK 

15 

whcrdm 

Ji/jrtin ranges fiom about 0.001 to about 1; 

Y is selected fiom tbe group conrirting of -S-, S(0)-, -S(0)2-, -C<OK 
-P{OXC<P5)-, and combinatioM tiiereof, and 
20 Z is selected fcom the group consisting of a direct coibon-carbon single bond. 

-C(CH3>r, -C(CF3)r. -CCCFiKCsH,)-. -CiPh -5(0>,., and-PCOXC^H,)-, 
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33. The ptatoo exchansB membrvne of daim 32 &tther comprising an inorganio 
heteiopoly acid. 



34. Hie pfrotoD escchange membmie of daim 33 wherdn the mor^uiic heiexopoly 
acid is selected fiom the gump conaictmg of phoscthotungstic acid, phoepliomolybdic 
add, sxul girmin^nn hydjogen phosphale. 

35. The proton exchange roenibraDe of claim 33 whaanrip fhe iiHir gsn^ /'. hftmrppty 
acid is phosphotungstie acid in an amount tangiDg from about 0.0196 to about 60^ by 
weigh}. 
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